INTRODUCTION
An elevated BP (blood pressure) level immediately following ischaemic stroke is an independent risk factor for short-and long-term death and dependency [1, 2] . Abnormalities of cardiovascular regulation within the first few hours of stroke also provide independent prognostic information. For example, an increase in MABP (mean arterial BP) and DBP (diastolic BP) beat-to-beat variability, as assessed by the S.D. of a 10 min continuous non-invasive arterial BP recording within 72 h of stroke onset, is associated with an increased risk of death or disability at 30 days [3] . It is likely that increases in BP variability are, at least partly, a consequence of the attenuated cardiac BRS (baroreceptor reflex sensitivity) observed immediately following ischaemic stroke [4] , leading to impaired homoeostasis of BP levels. Impairment of spontaneous cardiac BRS, assessed by power spectral analysis of 10 min continuous BP and PI (pulse interval) data within 72 h of stroke, has been shown to be predictive of cardiovascular death during long-term follow-up, independently of age, BP level, stroke severity or stroke subtype [5] . In patients with coronary artery disease, the ATRAMI (Autonomic Tone and Reflexes After Myocardial Infarction) study also found impaired cardiac BRS to be an independent risk factor for subsequent cardiac mortality [6] .
The aetiology of impaired cardiac BRS following stroke has been the subject of speculation [7] , as it is unknown whether it arises as a direct result of the acute neurological disturbance or is due to other cardiovascular factors. Impairment in cardiac BRS appears to be dependent upon stroke lesion location [8] , and sympathetic predominance has been shown following right compared to left-sided hemispheric stroke [4] . However, studies in hypertensive subjects, the elderly and in subjects with coronary artery disease (groups with an elevated risk of stroke) have demonstrated associations between decreased cardiac BRS and reduced carotid sinus and aortic arch distensibility [9] [10] [11] [12] . Increased large artery stiffness in hypertensive subjects, as well as those with diabetes and renal disease, is an independent predictor of cardiovascular risk [13] [14] [15] and has recently been identified as an independent risk factor for fatal stroke [16] . Observational studies have reported higher degrees of aortic stiffness in stroke patients, in comparison with control subjects matched for age, BP level and cardiovascular risk profile [17, 18] .
The aim of the present study was to determine the relationship between cardiac BRS and the degree of large artery (aortic) stiffness in patients during the acute ischaemic stroke phase and in comparison with a group of control subjects free of history of stroke or TIA (transient ischaemic insult), but matched as closely as possible to the stroke group for other stroke risk factors, and to evaluate the effects of stroke on cardiac BRS levels when considering other cardiovascular variables such as arterial stiffness.
Part of this work was presented at the British Hypertension Society Annual Meeting, Cambridge, U.K., 15-17 September 2003 , and published in abstract form [18a] .
METHODS

Subjects
Thirty-one patients admitted to the Acute Stroke Units of University Hospitals Leicester NHS Trust and with neuroradiologically confirmed ischaemic stroke were studied within 48 h of stroke symptom-onset (if the patient first noticed stroke symptoms on waking, the time of stroke onset was taken as the time of onset of sleep) and at 14 + − 2 days post-stroke, as participants of the COSSACS (Continue Or Stop post-Stroke Antihypertensives Collaborative Study) or CHIPS pilot (Control of Hypertension Immediately Post Stroke) studies. Patients were either randomized to continue or stop pre-existing antihypertensive therapy (COSSACS) or oral lisinopril (5 mg, daily) or placebo (CHIPS pilot) immediately following the first study measurements until day 14 poststroke. Active therapy was received by seven COSSACS and six CHIPS patients. Control subjects (n = 26) were recruited from the hypertension and pre-surgery assessment outpatient clinics and were studied on a single occasion. Control subjects were matched as closely as possible to the stroke group for ischaemic stroke risk factors, but had no history of previous stroke or TIA and no signs of cerebrovascular disease on neurological examination. Stroke type according to the OCSP (Oxfordshire Community Stroke Project) classification and stroke severity according to NIHSS (National Institutes of Health Stroke Scale) were recorded. Apart from study medication, all drugs with effects on cardiovascular or autonomic function were discontinued immediately following admission to hospital. Control subjects were asked to omit any antihypertensive medication at least 24 h prior to the study. Unconscious patients or those with neurological signs lasting < 24 h were excluded, as were those with a concomitant acute coronary syndrome, cardiac failure or cardiac arrhythmia.
Subjects were studied at the bedside or in a dedicated cardiovascular research laboratory in the supine position with external stimuli (background noise and lighting) minimized and at least 2 h following a light meal, having abstained from all caffeinated products, smoking and alcohol for at least 4 h prior to this. All subjects were asked to micturate before the study.
The study was approved by the local Research Ethics Committee, in accordance with the Declaration of Helsinki, and written patient consent or relative assent (where the stroke patient lacked capacity) was obtained.
Spontaneous cardiac BRS
A 10 min continuous recording of PI from a three-lead surface ECG and finger arterial BP using a Finapres device (Finapres 2300; Ohmeda, Englewood, CO, U.S.A.) was conducted. Software especially written by the Division of Medical Physics was used in the offline analysis of the beat-to-beat BP and PI recordings. Power spectral analysis of the resampled tracings was performed by means of fast-Fourier transformation with 256 samples, as described previously [4] , and estimates of cardiac BRS were obtained by calculation of the square root of the ratio of the powers of PI to SBP (systolic BP) in the LF (low-frequency) band (0.05-0.15 Hz; cardiac BRS LF). Normalized LF and HF (high frequency) powers for PI were calculated and the LF/HF ratio was used as an index of sympathovagal balance.
BP
Casual oscillometric brachial BP in the non-hemiparetic limb was measured at least three times in quick succession using a monitor validated by the British Hypertension Society (UA-767; A&D Company Ltd, Tokyo, Japan). The mean of the latter two recordings (where difference in SBP or DBP was 10 mmHg) was used in the analysis. MABP was calculated as DBP plus one-third of PP (pulse pressure).
Large artery (aortic) stiffness
Applanation tonometry of the carotid and femoral arteries was conducted using a high-fidelity micromanometer (SPT-301B; Millar Instruments, Houston, TX, U.S.A.) coupled to the Sphygmocor TM system (Sphygmocor; PWV Medical, Sydney, Australia). Arterial pressure contours and three-lead surface ECG were recorded synchronously. Pulse transit length was estimated by subtracting the sternal notch to carotid applanation point distance from the sternal notch to femoral applanation point distance, and a foot-to-foot methodology was employed to determine pressure contour transit time in relation to the ECG R-wave. Recordings with > 5 % S.D. of the mean time between R-wave and pulse foot for the waveform sequence were rejected and the measurement repeated. Qualifying recordings were performed in triplicate and mean values taken for subsequent data analysis.
Statistical analysis
The Wilcoxon signed rank test and the Mann-Whitney U test were used to compare the levels of clinical parameters between stroke and control subjects and between the active and the placebo subgroups among the stroke patients. An integrative variable of previous cardiovascular history was created, being positive where there was an established history of at least one of: diabetes mellitus, coronary artery disease (previous angina, myocardial infarction or abnormal coronary angiographic findings), hypertension, previous stroke or TIA. This permitted analysis of the combined effect of previous cardiovascular history on cardiac BRS levels and inclusion of all the categorical risk factors would have introduced problems in model fitting with respect to sample size. The relationship of cardiac BRS with clinical variables and cardiovascular risk factors was studied using Spearman rank correlation for bivariate analysis and a QR (quantile regression) method for multivariate analysis. The QR method allows complete statistical analysis of the stochastic relationships among clinical parameters, and possible multicolinearity among the risk factors does not affect the estimation or the inference procedure in this robust QR modelling approach. The inclusion of clinical parameters in the regression models was based on the model objective function and SSE (sum of squared errors). The normality of regression residuals was tested using the Jarque-Bera asymptotic lagrange multiplier normality test (JarqueBera χ 2 test) [19] . Statistical significance was taken at the 5 % level. Statistical analyses were performed using SPSS 11.5 (SPSS, Chicago, IL, U.S.A.) and SHAZAM (SHAZAM Project, University of British Columbia, Vancouver, Canada) programs.
RESULTS
Subject demographic and cardiovascular data are shown in Tables 1 and 2 , showing that the two groups were wellmatched for cardiovascular parameters and risk factors and, as expected from previous studies [4, 17] , the stroke patients had significantly lower cardiac BRS levels and significantly elevated PWVcf levels compared with the control subjects. Clinical diagnosis of stroke-subtype by the OCSP classification [20] identified two total anterior circulation, ten partial anterior circulation, 17 lacunar and two posterior circulation infarcts. The changes in stroke patient cardiovascular data between the first and second studies are shown in Table 2 . As expected, there was a significant reduction in SBP levels during the acute stroke phase. Scatter plots of the cardiac BRS and PWVcf relationship in the control and stroke patients at Figure 1 , and simple correlation coefficients between cardiac BRS values and other cardiovascular factors are shown in Table 3 . In this analysis, cardiac BRS was significantly associated with age, heart rate and PWVcf level at baseline and with SBP and PWVcf level on day 14. Analysis of the effect of antihypertensive therapy continued during the acute stroke phase revealed no significant confounding effect on the distribution of values or relationship between values for cardiac BRS and PWVcf on day 14. In the QR models (Table 4) , evaluating the influence of all measured variables on cardiac BRS in the stroke patients at baseline and on day 14, cardiac BRS was independently related to age, cardiovascular history, heart rate and PWVcf, but no BP parameter. In the study as a whole, stroke status (stroke or control) was not significantly related to cardiac BRS level.
DISCUSSION
Stroke patients
The present study shows that, immediately following cerebral infarction and at 14 days post-stroke when BP levels have decreased [21] , depressed cardiac BRS levels are associated with increased large artery stiffness, and this relationship is independent of other cardiovascular variables including BP. Wall stiffness of the barosensory arterial vessels of stroke patients may limit baroreceptor stretch in response to changes in BP thereby accounting for, at least in part, the reduced cardiac BRS levels observed immediately after ischaemic stroke. Increased arterial stiffness is associated with the presence of atherosclerosis [22] , and baroreceptor function has been shown to be affected, independently of mechanical effects, by a number of atherosclerosis-associated mechanisms, including altered paracrine activity, activated platelets and the effects of oxygen-derived free radicals [23] . However, the relationship between PWVcf and cardiac BRS may arise via mechanisms other than attenuation of baroreceptor function. For example, increased PWVcf has been shown to correlate with coronary artery disease severity [24] and may reflect latent cardiac ischaemia resulting in a decrease in cardiac chronotropic response to autonomic innervation.
All subjects
Analysis of data from stroke and control groups combined, allowing the effect of cerebrovascular disease to be explored as well as that of cerebrovascular risk factors, suggests cerebral infarction may be unrelated to the level of cardiac BRS when other cardiovascular risk factors, including large artery stiffness, are considered. Several studies report increased arterial stiffness in stroke patients [17, 18, 25] . However, other evidence suggests a direct influence of stroke on cardiac BRS levels. For example, brainstem infarction affecting central vasomotor nuclei has been shown to cause baroreflex failure [26] , lesions in the insular cortex alter BRS in rats with asymmetric responses between the right and left hemispheres [8] , and studies in stroke patients have reported asymmetrical cardiac autonomic responses to cortical infarction [27] . Furthermore, arterial stiffness and cardiac BRS have been found to be unrelated in some hypertensive conditions, for example pre-eclampsia [28] . Larger studies have confirmed the relationship between cardiac BRS and arterial stiffness in individuals with essential hypertension [29, 30] , and we were unlikely to show such a relationship in our control group due to a limited sample size.
Cardiac BRS and outcome
Acute ischaemic stroke patients with depressed cardiac BRS levels have an increased cardiovascular mortality in the long term compared with those with higher levels [5] , and elevated large artery stiffness is also associated with increased cardiovascular mortality in patients with essential hypertension [31] and diabetes [15] . Increased arterial stiffness may offer additional prognostic information in stroke patients and a further study is required to compare the predictive properties of these two variables on stroke outcome. Interestingly, β-blocker therapy appears to be less effective in reducing poststroke cardiovascular events than other classes of antihypertensive therapy [32] , although it might be expected to have benefit where sympathetic nervous system activity predominates as a result of impaired cardiac BRS. Furthermore, head-to-head comparison studies have reported β-blockers to be less effective in reducing large artery stiffness than other antihypertensive drugs [33, 34] .
Limitations
It is a limitation of the present study that the measure of arterial stiffness encompassed the whole of the arterial length between the common carotid and proximal femoral artery and not specifically the barosensory arterial segments in the aortic arch and carotid sinus. However, studies have shown close correlation between PWVcf and both common carotid artery stiffness and aortic arch elastic modulus in other patient groups [35, 36] . As a further limitation to our present study, it should be noted that our study groups were relatively small and our data may therefore need to be confirmed in larger patient populations. This would also allow further exploration of individual aspects of past cardiovascular history, in particular previous stroke and diabetes on cardiac BRS levels in acute stroke patients.
Conclusions
The present study has shown that the impairment in cardiac BRS immediately following ischaemic stroke is related to increased large artery stiffness, suggesting that the reduction in cardiac BRS observed in ischaemic stroke patients within the first few hours is associated with increased stiffness of the large artery wall and that this relationship exists at least up to 14 days following stroke. Further studies are needed to evaluate the contributory role of neurological and cardiovascular effects on cardiac BRS level across the stroke subtypes and consider the effects of antihypertensive drugs on arterial stiffness and cardiac BRS levels in the acute stroke phase and the subsequent effect on prognosis.
